The predicted results of the finite element (FE) model of an assembled structure with different types of joints are highly dependent on the mesh size of the FE model. The complexity of the FE model has forced engineers to seek the most efficient techniques for the selection of the appropriate mesh size specifically in obtaining accurately predicted results in normal modes analysis. This paper concerns the investigation into the effects of the mesh sizes and selection technique of the appropriate mesh size in the FE modelling and analysis of the assembled structure with bolted joints. The investigation was carried out by predicting the modal parameters of the FE models with the predefined range of mesh sizes. The predicted results of the FE models were compared with the measured counterparts obtained from the experimental modal analysis (EMA). The total error obtained from the comparison between FE and EMA was recorded. Evaluations were made by comparing the number of nodes and elements of the FE models, percentage of total error, computer processing unit (CPU) elapsed time and memory usage. The outcomes of the evaluations showed that there are significant effects of the mesh sizes on the accuracy, computing time and memory usage of the FE modal analysis of the assembled structure with bolted joints. This work also demonstrated an efficient technique for the selection of the appropriate mesh size in achieving a reliable, efficient and economic FE modelling and analysis of the assembled structure with bolted joints.
INTRODUCTION
The efficiency and reliability of the finite element (FE) method are vastly influenced by the quality of the mesh used in finite element modelling [1, 2] . Theoretically, optimum mesh size will provide the most accurate FE results with minimum FE model complexity [3] . However, the most problematic issue is the absence of efficient techniques for selecting the appropriate and economic mesh size especially for the FE modal analysis which has always been observed to be a time-consuming analysis.
Recently several researchers have investigated the effects of mesh sizes on the accuracy of FE analysis results in various types of simulation [3] [4] [5] [6] [7] [8] . Other studies have shown the relation of the mesh sizes with the accuracy of the FE modal analysis [9] [10] [11] [12] . Nevertheless, to the best of authors' knowledge, no work focusing on the effects of mesh sizes on the FE modal analysis for the assembled structure with bolted joints has been found so far. Bolted joints have been extensively used in assembled structures due to the ease of assembly, fast disassembly and low cost. There are numerous modelling approaches of the bolted joints that have been proposed by researchers [13] [14] [15] . However, the selection techniques and effects of mesh sizes on the FE modal analysis of the assembled structure with bolted joints have not been presented and discussed systematically.
This paper aims to present an efficient technique of selecting the appropriate mesh size for the FE modal analysis of the assembled structure with bolted joints. In the attempt, FE models are constructed with different mesh sizes and then analysed to predict the modal parameters. The predicted modal parameters are compared with those obtained from EMA. The total error, CPU elapsed time and memory usage are recorded and analysed for the selection process.
EXPERIMENTAL MODAL ANALYSIS
The natural frequencies and mode shapes, or the modal parameters, of the assembled structure with bolted joints, were characterised by carrying out the experimental modal analysis (EMA) [16] . The assembled structure consisting of 2 identical plates namely plate A and plate B, made from Aluminium 6061. The dimensions of the plate A and plate B are shown in Figure 1 .
The experimental setup for the assembled structure is shown in Figure 2 . plate A and plate B were assembled by using the stainless steel bolts and nuts of size M10. The assembled structure under test was suspended from the test rig by using rubber bands to simulate free-free boundary conditions. As shown in Figure 3 , the LMS system, LMS Test. Lab software, impact hammer and accelerometers were the equipment used to characterise the modal parameters. 
FE MODELLING AND ANALYSIS
In this study, a 3D computer-aided design or CAD model of an assembled structure with bolted joints, as shown in Figure 4 , was created by using the CAD software package NX 7.5. There are two identically developed components which were used to form the bolted structure assembly viz Plate A and Plate B with the length of 380 mm, width of 45 mm and a thickness of 6 mm. The material used for Plate A and Plate B is aluminium 6061 with the values of material properties of the components are tabulated in Table 1 and Table 2 .
The values of the material properties have been updated from the initial values [17] using the FE model updating procedure [18] - [20] in the previous work [21] . The use of the FE model updating procedure has significantly assisted to improve the modelling accuracy of each plate before performing the FE modal analysis of the structure assembly [22] . The stainless steel bolts and nuts of size M10 were used to joint the plates. The material properties of the bolts and nuts [17] are as in Table 3 . The cross-section of the bolted joints is shown in Figure 5 . As shown in Figure 6 , the FE model of the assembled structure with bolted joints was developed by using the CQUAD8 elements which are the isoparametric elements with four corners and four mid-side grid points [23] . The bolts and nuts in the model were represented by 1D CBEAM element for the bolts' shank and RBE3 for the connections between bolts' head and nuts with the plates as shown in Figure 7 . CBEAM element has the property which can be used to represent the geometry of the bolt's shank. The same configurations of the FE model were used throughout the investigation. This work aimed to determine the suitable mesh size to be used for accurate FE modelling of the assembled structure with bolted joints. The range of the mesh size specified under the investigation was from 1 mm to 10 mm with the interval of 1 mm. The ten mesh element size based FE model of the assembled structure was selected for
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the normal modes analyses. The analyses were carried out by using NX 7.5 Advanced Simulation with NX Nastran solver. The selection of the ten mesh element size based FE model over the other FE models generated is because the model with this range of mesh sizes has better capability to represent the actual tested assembled structure. To evaluate the FE model, the predicted results were compared with the experimental counterparts, and the discrepancies regarding total error were recorded. The percentage of total error, CPU elapsed time and memory usage were chosen as the control parameters for the selection of the suitable mesh size.
In normal modes analysis of a system, damping is ignored to characterise the basic dynamic behaviour of the structure. The equation of motion is reduced to
Where M and K are mass and stiffness matrices respectively [24] , [25] . These system matrices are calculated based on the geometry and properties of the FE model. Normal modes analysis solves the undamped free vibrations as follows
where ϕ i is the i th eigenvector or mode shape and λ i is the i th eigenvalue [24] , [25] . Each eigenvalue is proportional to a natural frequency and is corresponding to an eigenvector. The eigenvalues are associated with the natural frequencies as
RESULTS AND DISCUSSION
In this work, the EMA was used to measure the natural frequencies and mode shapes of the actual assembled structure with bolted joints, while the FE method was used to predict the natural frequencies and the mode shapes of the FE models of the assembled structure with bolted joints. The first ten measured modes were used as a benchmark for investigating the most appropriate mesh size for modelling of the assembled structure with bolted joints. The first ten natural frequencies and mode shapes obtained from ten different FE models with different mesh sizes were compared with the measured counterparts to compute discrepancies regarding the total error. The computational time of the analysis and the number of elements used in the FE models are also the vital aspects to determine the reliability, economics and efficiency of the modelling and analysis of the assembled structure with bolted joints. These two factors need to be considered to deal with the issue of accomplishing a low analysis cost with a reduced model size. This work has also revealed the relationship between these two factors.
Comparison of the numbers of nodes and elements for each mesh size is shown in Table 4 . It is noticeable that the smaller the mesh size, the higher number of nodes and elements, thus leading to the higher number of the degrees of freedom. CPU elapsed time is directly proportional to the numbers of the degrees of freedom. The longer computational time, the higher analysis cost. The evaluation of EMA and FE results for the selected mesh sizes of 1 mm, 5 mm and 10 mm is shown in Table 5 . It was found that the lowest total error of 18.18% is recorded by the FE model with the smallest mesh size while the highest total error of 18.82% is computed by the FE model with the biggest mesh size. Meanwhile, the time taken for the CPU to complete the FE modal analysis for the model with the mesh size of 1 mm is 221 seconds and for the model with the mesh size of 10 mm is 5 seconds. The memory usages are also documented for the comparisons. The recorded memory usages for the mesh size of 1 mm and 10 mm is 4268.938 MB and 138.969 MB respectively. The assessments of the total error, CPU elapsed time and memory usage were made for the FE models with mesh sizes ranging from 1 mm to 10 mm with 1 mm interval. The results of the assessments are shown in Figure 8 to Figure 10 . It is clearly shown that the total error is increased with increasing mesh sizes. However, reverse trends were observed for the other two factors in the same range of mesh sizes where the CPU elapsed time, and memory usage are decreased with increasing mesh sizes.
For the FE models with mesh sizes ranging from 3 mm to 5 mm, the results of total errors were found to be almost constant with a very small variance of 0.02 % as shown in Figure 8 . In Figure 9 , the FE models with mesh sizes ranging from 5 mm to 9 mm have recorded steady CPU elapsed time which is between 7 seconds to 9 seconds. As for the recorded memory usage shown in Figure 10 , the FE models with mesh sizes of 4 mm to 10 mm have registered nearly a consistent amount of memory usage which is between 212 MB to 139 MB. The outcomes of the assessments have shown that the 5 mm mesh size based FE model of the assembled structure with bolted joints has recorded the most reasonable results regarding the percentage of total error, CPU elapsed time and memory usage as compared with the other FE models with different mesh sizes. Figure 11 shows that the MAC values recorded from all modes, except mode 3 and mode 10, are more than 0.7 indicating a very good correlation. Meanwhile, MAC values for mode 3 and mode ten which are between 0.4 and 0.6 suggest that certain measured data sets are requiring different excitation technique. However, the overall achievement revealed that the selection of the mesh size of 5 mm is the most appropriate for the FE modelling and dynamic analysis of the assembled structure with bolted joints. 
CONCLUSION
In this paper, the investigation into the mesh size effect on the accuracy of the FE models of the assembled structure with bolted joints was systematically explored through the finite element method and experimental modal analysis. The developed FE models were discretized into different mesh sizes ranging from 1 mm to 10 mm. The predicted results of the FE models were compared with the EMA counterparts to evaluate the percentage of total error, CPU elapsed time and memory usage for all mesh sizes. From the evaluation, it was found that the FE model of the assembled structure with bolted joints with the mesh size of 5 mm is the most appropriate FE model to obtain a satisfactory accuracy with appropriate computing time and memory. The accuracy of the predicted results of the FE model could be further improved by reducing the total error using the FE model updating procedure. Other potential parameters, for instance, the affected regions of the interfaces and its damping effect, may also be required to be investigated for the improvement.
